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Eukaryotic cells respond to environmental stimuli by activating a number of signaling cascades. Prominent among these are the mitogen-activated protein kinase (MAPK) cascades, which mediate the response to extracellular signals. MAPKs phosphorylate and activate a variety of target substrates, including a number of transcription factors. Once activated, these factors mediate the specific transcriptional responses to the environmental signals. Activation of these pathways is frequently accomplished by many different stimuli.
The stress-induced Schizosaccharomyces pombe MAPK Sty1 protein (also known as Spc1 or Phh1), which is the homologue to the Saccharomyces cerevisiae HOG1 protein (5) , can be activated by heat shock, high-osmolarity stress, nutrient depletion, oxidative stress, and arsenic (for reviews, see references 14 and 40) . The cascade begins upstream with activation of the histidine kinases Mak1, -2 and -3 (3, 6, 24) . These kinases activate the phosphotransmitter Spy1/Mpr1 (4, 25) , which in turn controls the response regulator Mcs4 (32, 34) . Mcs4 then activates the upstream components of the MAPK module, the MAPK kinase kinases Wak1/Wis4 and Win1. These kinases are functionally redundant, and their only reported substrate is the MAPK kinase Wis1. Activated Wis1 dually phosphorylates Sty1 on neighboring threonine and tyrosine residues (30, 33, 34, 43) . The basal activity of the pathway and its inactivation after stress are regulated by tyrosine and serine-threonine phosphatases, such as Pyp1 and Pyp2 and Ptc1 to -4 (13, 22, 26) . Which pathway components are required to sense and transduce each distinct signal has not yet been established at the molecular level.
Upon stress-mediated phosphorylation, Sty1 accumulates in the nucleus (11, 12) , where it activates a complex transcriptional program of stress defense mechanisms (8) . Thus, in the response to four out of five types of stress stimuli, Sty1 is required for the transcriptional regulation of a large set of genes that constitute the core environmental stress response (CESR) (8) . For the majority of these genes, regulation is also dependent on the transcription factor Atf1; and although several Sty1 substrates have been identified, the main one seems to be Atf1 (16, 33, 37, 43) .
Atf1 contains a basic leucine zipper (bZIP) DNA-interacting domain, in common with five other S. pombe transcription factors: Pap1, Pcr1, Atf21, Atf31, and Zip1 (10, 28, 37, 42) . Phosphorylation of Atf1 by Sty1 upon stress activation has been demonstrated both in vitro (43) and in vivo (33) . Atf1 has nuclear localization prior to stress (11) . It has been long believed that Atf1 phosphorylation by Sty1 is essential for gene activation. However, it has been recently reported that an Atf1 mutant protein lacking all 11 MAPK phosphorylation sites has an activity similar to that of the wild-type protein when expressed at wild-type levels (20) . The same report also shows that the nonphosphorylatable mutant is barely expressed in cells because it is very unstable, and the authors suggest that the main role of Sty1-dependent phosphorylation is to stabilize Atf1, rather than to activate it.
Soon after it was isolated, Atf1 was shown to activate transcription of some target genes by forming a heterodimer with a small bZIP transcription factor, Pcr1 (16, 41, 42) . In mammalian cells, formation of heterodimers by distinct bZIP transcription factors has been suggested to control a large number of transcriptional regulatory systems, thereby increasing and diversifying gene responses (for a review, see reference 44). In yeast, it has been reported that while cells lacking Pcr1 share many stress-related phenotypes with Sty1-and Atf1-deficient cells, they also show some distinct features. Both ⌬pcr1 and ⌬atf1 cells are cold sensitive, are inefficient in mating and spore formation upon nitrogen starvation, and show no transcriptional activation of nutrient depletion-induced genes, such as fbp1 and ste11 (16, 42) . The single mutants are also deficient in meiotic recombination, because the Atf1/Pcr1 heterodimer (also known as Mts1/Mts2) binds to hot spots more efficiently than the individual transcription factors (18, 41) . The participation of the Atf1/Pcr1 transcription factor in hot spot recognition explains the observation that most recombination hot spots are located in promoter regions (45) . Once bound to hot spots, Atf1/Pcr1 triggers chromatin remodeling to activate meiotic recombination (46) . However, a role for Atf1/Pcr1 heterodimers is not so clear in the case of stress responses. Although Atf1 and Pcr1 have both been reported to bind to stress-regulated promoters (16, 42) , it has not yet been demonstrated that the heterodimer binds to cis elements with greater affinity than the individual transcription factors. Furthermore, Wahls and coworkers reported that Atf1 but not Pcr1 is required for resistance to extracellular NaCl (18, 19) and suggested that the heterodimer plays a key role in mating, meiosis, and hot spot-mediated recombination but not in global stress resistance.
Here we further investigate the participation of Pcr1 in the fission yeast transcriptional program in response to stress. We show that Pcr1 is essential for some but not all extracellular stress responses and that even though it forms in vivo a heterodimer with Atf1, it does not regulate Atf1 stability. The transcriptional response of wild-type cells to KCl stress is more extensive than that of cells lacking Pcr1, which in turn is larger than that of ⌬atf1 cells. It is remarkable that cells lacking Pcr1 and, to a lesser extent, cells lacking Atf1 show a general derepression of stress-related and stress-unrelated genes under basal conditions, which suggests a major role of these proteins, and especially of Pcr1, in the regulation of basal expression levels. Finally, we have identified a subset of stress-dependent genes whose activation is Pcr1 independent, suggesting that Atf1 can function as a transcription factor in the absence of Pcr1. (42) . To construct an S. pombe strain expressing a hemagglutinin (HA)-tagged version of Pcr1, we designed specific primers to PCR amplify a fragment containing the carboxyl-terminal pcr1-coding sequence fused in-frame to an HA-coding sequence followed by the selectable marker kanMX6 and a 3Ј, noncoding pcr1 sequence using as the template plasmid pFA6a-3HA-kanMX6. Wild-type strain 972 was transformed with the linear fragment, and recombinants were selected for their ability to grow on G418/Geneticin (Invitrogen), as described previously (7) . The resulting strain was named MS65 (h Ϫ pcr1-HA::kanMX6). To construct S. pombe strains with specific loci deleted, we transformed wild-type strains with linear fragments containing open reading frame (ORF)::kanMX6 or ORF::ura4 ϩ , obtained by PCR amplification using ORF-specific primer and plasmid pFA6a-kanMX6 or KS-ura4 as the templates as described previously (7) . We obtained AV15 (h ). To construct a strain deleted in both atf1 and pcr1, we crossed strains JX26 and AV15, yielding strain MS48 (h ϩ leu1 ura4 pcr1::ura4 ϩ atf1::kanMX6). Cells were grown in rich medium or in synthetic minimal medium as described previously (2, 23) .
MATERIALS AND METHODS

Yeast
Plasmids. The atf1 and pcr1 coding sequences were PCR amplified from an S. pombe cDNA library using primers specific for the Atf1-and Pcr1-coding genes. Plasmid p151.41x (pHA-atf1.41x) was obtained by digestion of p123.41x (pHAtpx1.41x) (38) with BamHI and SmaI to eliminate tpx1 ORF and ligation with atf1 ORF flanked with BglII and SmaI sites. The same strategy was used to generate the integrative plasmid p137.41xЈ (pHA-atf1.41xЈ) from plasmid p136.41xЈ (pHA.41xЈ; from our laboratory collection). For plasmid p138.41x (pHApcr1.41x), the pcr1 ORF flanked with BamHI and SmaI restriction sites was cloned into p123.41x (pHA-tpx1.41x) (38) , previously digested with BamHI-SmaI to eliminate the tpx1 ORF. Plasmid AY025 is a pJK148 derivative (17) containing a PstI-SacI fragment with the nmt promoter, multiple cloning site, and terminator from pREP.81x (21) . A PstI-SmaI fragment of p138.81x (pHA-pcr1.81x), containing the nmt promoter linked to HA-pcr1, was cloned into the vector AY025 to yield the integrative plasmid p139.81xЈ (pHA-pcr1.81xЈ). To trigger the expression of green fluorescent protein (GFP)-tagged Atf1 and Pcr1 fusion proteins in S. pombe, we obtained plasmids p179.41xЈ (pGFP-HA-atf1.41xЈ) and p171.41xЈ (pGFP-HA-pcr1.41xЈ) by cloning a PCR-amplified atf1 ORF digested with BglII and SmaI or a pcr1 ORF digested with BamHI and SmaI into p85.41xЈ (pGFP-HA-pap1.41xЈ) (7) ). Preparation of formaldehyde-cross-linked extracts for immunoprecipitation analysis. Formaldehyde cross-linking was performed as described previously (27) with some modifications. Pelleted cells were resuspended in buffer B (20 mM Tris-HCl [pH 7.5], 50 mM KCl, 10 mM MgCl 2 ) and lysed with three 30-s pulses in a bead beater (FastPrep; Bio 101) at 4°C. Lysates were centrifuged for 5 min at 1,600 ϫ g and supernatants transferred to fresh microtubes. HA-Atf1 was immunoprecipitated from cleared supernatants by adding 150 l of monoclonal anti-HA antibody (12CA5) for 1 h at 4°C and then 25 l of protein A-Sepharose beads (Amersham Biosciences) for 30 min. Immunoprecipitates were washed three times with buffer B, and proteins were released from cross-linked immunocomplexes by boiling for 10 min in sodium dodecyl sulfate (SDS) loading buffer. Samples were separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and detected by immunoblotting with polyclonal anti-Atf1 or anti-Pcr1 antiserum raised against bacterial fusion proteins of glutathione-S-transferase (GST)-Atf1 (amino acids 71 to 291) or GST-Pcr1, following standard rabbit immunization procedures.
Fluorescence microscopy. Fluorescence microscopy and capture imaging were performed as described previously (39) , with one modification. When preparing the samples in the slides, the three microliters of 50% glycerol (mounting medium) contained 4Ј,6Ј-diamidino-2-phenylindole at a concentration of 0.5 g/ml.
Preparation of extracts to detect phosphorylated and nonphosphorylated Pcr1. S. pombe cells were grown in minimal medium to an optical density at 600 nm (OD 600 ) of 0.5 and harvested by centrifugation. For detection of plasmidderived HA-Pcr1, native extracts were obtained. Pelleted cells were washed once with distilled water and resuspended in lysis buffer (50 mM Tris-HCl [pH 7.5], 120 mM KCl, 5 mM EDTA, 0.1% NP-40, 10% glycerol). Cell suspensions were disrupted by adding glass beads and lysing with three 30-s pulses in a bead beater (Fast Prep; Bio 101) at setting 4.5 and at 4°C. Lysates were then centrifuged to remove cell debris. The protein concentration was determined by using the Bradford protein assay (Bio-Rad). Thirty micrograms of protein extracts were separated electrophoretically by 12% SDS-PAGE and transferred to Protran nitrocellulose membranes (Whatman). Pcr1 was immunodetected with polyclonal anti-Pcr1 antiserum. For dephosphorylation of HA-Pcr1 protein, lysates were incubated with 15 U/g protein of lambda phosphatase (New England Biolabs) for 60 min at 30°C before being subjected to SDS-PAGE. When indicated, phosphatase inhibitors were added at the following final concentrations: 1 mM sodium fluoride, 1 mM ␤-glycerolphosphate, 1 mM sodium pyrophosphate, and 0.2 mM activated sodium orthovanadate. For detection of endogenous Pcr1, it was necessary to obtain boiled extracts. One hundred micrograms of protein extracts were loaded onto gels. Solid and liquid sensitivity assay. For survival on solid plates, S. pombe strains were grown in liquid minimal medium to an OD 600 of 0.5. Cells were then diluted in water, and the indicated number of cells in 5 l was spotted onto minimal medium plates containing (or not) 1 M KCl, 1 M NaCl, 2.4 M sorbitol, or 1 mM hydrogen peroxide (H 2 O 2 ). The spots were allowed to dry, and the plates were incubated at 30°C for 3 to 4 days. To determine survival in liquid cultures, cells were grown in rich medium to an OD 600 of 0.5. Acute doses of 1 or 2 mM H 2 O 2 , as indicated, were then added for 60 min. Similarly, other flasks were shifted to 45°C for 15 or 30 min, as appropriate. Cells were then washed, diluted, and plated on rich medium agar plates to determine survival.
RNA analysis. Total RNA from S. pombe cultures was obtained, processed, and transferred to membranes as described previously (39) . Membranes were hybridized with the [␣-32 P]dCTP-labeled gpx1, ctt1, zym1, cta3, hsp9, gpd1, srx1, hsp16, ntp1, or cdc2 probe, containing the complete ORFs of the glutathione peroxidase-, catalase-, metallothionein-, calcium ATPase transporter-, heat shock protein 9-, glycerol-3-phosphate dehydrogenase-, sulfiredoxin-, heat shock protein 16-, neutral trehalase-, and cyclin-dependent kinase 2-coding genes.
Preparation of S. pombe trichloroacetic acid (TCA) extracts to measure Atf1 concentration. S. pombe cultures (5 ml) at an OD 600 of 0.5 were pelleted just after the addition of 10% TCA (from a 100% stock) and washed in 20% TCA. The pellets were lysed by vortexing for 5 min, following the addition of glass beads and 100 l 12.5% TCA. Cell lysates were pelleted, washed in iced acetone, and dried at 55°C for 15 min. Pellets were resuspended in 50 l of a solution containing 1% SDS, 100 mM Tris-HCl (pH 8.0), and 1 mM EDTA. Samples were electrophoretically separated by 8% SDS-PAGE and immunodetected with anti-Atf1. As a loading control, we used monoclonal antitubulin antibodies in our blots (Tub2; Sigma).
Microarray experiments and data evaluation. Global expression analysis utilized custom-designed S. pombe microarrays. Array construction, sample labeling, and hybridization were carried out as described previously (35) . The arrays consisted of 8,785 70-mer oligonucleotides designed to measure gene expression (http://research.stowers-institute.org/microarray/S_pombe/). Briefly, total RNA was prepared from strains 972 (wild type), AV15 (⌬atf1), and MS5 (⌬pcr1), treated (or not) for 20 min with 0.4 M KCl. Polyadenylated RNA was extracted from total RNA by purification with an oligo(dT) cellulose column. RNA quality was assessed on a Bioanalyzer 2100 machine (Agilent). RNA (2 g per sample) was converted to cDNA by priming with oligo(dT 18 ) and poly(dN 9 ) in the presence of aminoallyl-dUTP (Ambion), followed by conjugation to Cy5 or Cy3 fluorescent dye. Samples were prepared from three biological replicates, and all samples were dye swapped for further technical replication. Labeled samples were mixed for comparative hybridization on poly-L-lysine-coated microarrays printed with 70-mers representing all known S. pombe reading frames. The microarrays were scanned with a GenePix 4000B scanner and the images analyzed using the GenePix Pro 6.0 software program (Molecular Devices, Union City, CA). Data analysis was performed with the R programming language. Data were normalized via the print-tip loess method, and differential expression was assessed using the LIMMA software package (36) . Genes exhibiting at least a twofold difference between the wild-type and mutant or treated versus untreated, with unadjusted P values of less than 0.05, were considered differentially expressed.
Chromatin immunoprecipitation. For immunoprecipitation of HA-tagged Atf1 and Pcr1 proteins linked to DNA promoter regions, cells were grown in liquid minimal medium to an OD 600 of 0.5 and formaldehyde (1.5% vol/vol) was added for 30 min at 25°C. Cross-linking was stopped by adding 187.5 mM glycine. After 5 min, cells were collected by centrifugation and washed twice with cold distilled water. Pellets were resuspended in 250 l breaking buffer (0.1 M TrisHCl [pH 8.0], 20% glycerol, and 1 mM PMSF) and lysed with glass beads in a bead beater (Biospect Products). Pellets were collected, washed twice with lysis buffer (50 mM HEPES-NaOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF), and resuspended in 250 l lysis buffer. Lysates were then sonicated in a Bioruptor (Diagenode) sonicator with eight 30-s high-sonication pulses at 4°C and 1-min pauses between pulses, yielding chromatin fragments with an average size of 500 bp. Lysis buffer was added up to 1 ml, and samples were centrifuged at 16,000 ϫ g for 30 min at 4°C. Fifty microliters from the soluble chromatin samples were kept as inputs, and the remaining was immunoprecipitated with monoclonal anti-HA antiserum overnight at 4°C, followed by addition of protein A-Sepharose beads and incubation for 4 h at 4°C. Immunocomplexes were washed once in lysis buffer, twice in lysis buffer containing 0.5 M NaCl, twice in washing buffer (10 mM Tris-HCl [pH 8.0], 0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, and 1 mM PMSF), and finally once in TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). Beads were pelleted, and DNA was eluted in 100 l elution buffer (50 mM Tris-HCl [pH 7.5], 10 mM EDTA [pH 8.0], 1% SDS) during 20 min at 65°C. Beads were repelleted, the supernatants were transferred to fresh tubes, and any remaining DNA was eluted from the beads by washing it once in 150 l TE-0.67% SDS. Corresponding elution supernatants were pooled, and formaldehyde cross-linking of both the 50 l of soluble chromatin and immunoprecipitated chromatin was reversed by overnight incubation at 65°C. DNA was cleaned up by incubation for 2 h at 37°C with 0.3 mg/ml proteinase K and 0.04 mg/ml glycogen and was then purified by phenol-chloroform extraction and precipitated with ethanol and NaCl. DNA was resuspended in 100 l TE. Recovered DNA was PCR amplified with specific primers, and products were resolved on ethidium bromide-containing 2% Tris-borate-EDTA agarose gels. The specific primers amplified promoter and ORF regions corresponding to the following sequences with respect to the translation initiation sites: Ϫ543 to Ϫ217 of the gpd1 gene; Ϫ385 to Ϫ129 of the hsp9 gene; Ϫ381 to Ϫ152 of the srx1 gene; Ϫ1425 to Ϫ1063 of the cta3 gene; and ϩ1248 to ϩ1561 of the cdc18 ORF.
Microarray data accession number. Microarray data are available at ArrayExpress (www.ebi.ac.uk/arrayexpress/) under accession number E-TABM-447.
RESULTS
Atf1 and Pcr1 are nuclear phosphoproteins. The bZIP-containing proteins Atf1 and Pcr1 (Fig. 1A) were isolated in several laboratories through different screening strategies (16, 18, 33, 37, 42) . They were soon reported to coimmunoprecipitate in extracts, and we therefore decided to analyze whether they can form complexes in vivo. To preserve possible interactions between Atf1 and Pcr1, we used formaldehyde to cross-link all macromolecules in cultured cells. Before cross-linking, we exposed cell cultures to H 2 O 2 stress. We took the soluble fractions of the cell extracts, reversed the cross-links, and analyzed by Western blotting whether Atf1 and Pcr1 interact with and/or without stress imposition (Fig. 1B) . Even though the levels of Pcr1 were too low to be detected in whole-cell formaldehyde extracts (Fig. 1B, left two lanes, lower panel) , two bands corresponding to Pcr1 could be detected in the immunoprecipitates of HA-Atf1 (Fig. 1B, right two lanes, lower panel) . This interaction between Atf1 and Pcr1 was detected both before and after stress. Regarding the role of such interaction, a previous report showed by immunofluorescence analysis that both Atf1 and Pcr1 are nuclear proteins and that the nuclear localization of Atf1 was dependent on the presence of Pcr1 (11) . However, we detected nuclear localization of both proteins, expressed from a heterologous promoter, independently of the presence of the other bZIP partner (Fig. 1C) . It is worth noting that the amounts of the fusion proteins in the two strain backgrounds are very similar, as determined by Western blotting (data not shown).
While analyzing the interaction between Atf1 and Pcr1, we noticed that endogenous Pcr1 appeared as a double band on Western blots probed with polyclonal anti-Pcr1 antibodies (Fig. 1B) . Pretreatment of crude extracts from HA-Pcr1-expressing cells with lambda phosphatase prior to electrophoresis eliminated the slow-migrating band, confirming that Pcr1 is a phosphoprotein (Fig. 2A) . The ratio of phosphorylated to nonphosphorylated Pcr1 was reversibly decreased by H 2 O 2 treatment both in a wild-type strain (Fig. 2B, right (Fig. 2C) , was Sty1 dependent (Fig. 2D) . The biological role of Pcr1 phosphorylation will require further study. The Atf1/Pcr1 heterodimer is required for survival of some, but not all, stress situations. To test whether Atf1 and Pcr1 are both equally required for stress survival, we next compared the phenotypes of cells lacking (or not) each transcription factor under a variety of adverse stress conditions. In liquid cultures, both Atf1 and Pcr1 were required for full survival upon oxidative stress or heat shock (Fig. 3A) . In contrast, when spread on solid plates containing NaCl, KCl, or sorbitol, although cells lacking Atf1 showed severely impaired survival, ⌬pcr1 cells showed an intermediate behavior, with survival efficiencies closer to those of the wild type than to those of ⌬atf1 cells (Fig.  3B) . Pcr1 was similarly not essential for survival upon H 2 O 2 stress on solid plates (data not shown).
Induction of most, but not all, stress-dependent genes requires Pcr1. Since Atf1 but not Pcr1 was required for survival upon osmotic or oxidative stress on plates, we tested whether induction of some Sty1-dependent CESR genes would be impaired in ⌬atf1 cells but not in ⌬pcr1 cells. In wild-type cells, the induction of most stress-inducible genes by KCl or H 2 O 2 was dependent on Sty1, Atf1, and Pcr1 (Fig. 4A) . However, some target genes were induced upon some stress conditions in ⌬pcr1 cells, such as hsp9 (encoding a heat shock protein) (29), gpd1 (encoding glycerol-3P-dehydrogenase) (1), or srx1 (encoding the peroxiredoxin reductase Srx1) (38) (Fig. 4B) . These results suggest that whereas the Atf1/Pcr1 dimer seems to be responsible for transcriptional activation of most CESR genes, Pcr1 is dispensable for the activation of gpd1 and hsp9 upon KCl stress and for activation of srx1 upon H 2 O 2 stress.
Atf1 protein stability is not directly regulated by Pcr1 or Sty1. During preparation of extracts from wild-type and mutant strains, we observed that the amounts of Atf1 protein were significantly increased by exposure of cells to stress conditions (Fig. 5A, WT) , as previously reported (8, 11) . Atf1 basal levels were significantly lower in extracts from cells lacking Sty1 or Pcr1, even though some accumulation was observed following stress treatment of cells lacking Pcr1 (Fig. 5A) . It has recently been suggested that Atf1 stability is regulated by its heterodimeric partner, Pcr1, and by the Sty1 kinase (20) . We tested this hypothesis by integrating an nmt-driven atf1 gene into ⌬atf1, ⌬sty1, and ⌬pcr1 ⌬atf1 cells. In these engineered strains, the levels of Atf1 were almost identical to those of the wild-type strain (Fig. 5B, upper panel) , which indicated that Atf1 stability does not require the Sty1 or Pcr1 protein. We confirmed this result by treating cells with the translation inhibitor cycloheximide and analyzing the stability of Atf1, both the native form expressed from its genomic locus and the nmt-driven form expressed from the integrated gene construct. The half-life of Atf1 was comparable in the presence or ab- sence of Pcr1 (data not shown). To discard the possibility that the partial defects of cells lacking Pcr1 were due to the reduced concentration of Atf1 in these cells, we analyzed the expression of gpx1 in a ⌬pcr1 ⌬atf1 strain ectopically expressing wild-type levels of Atf1. As shown in Fig. 5B (gpx1 mRNA) , the reduced levels of Atf1 observed in ⌬pcr1 or ⌬sty1 cells do not explain the lack of gpx1 induction in these strains, since increasing the amount of Atf1 does not restore gpx1 induction in the absence of either Pcr1 or Sty1. Atf1 can bind to some promoters in cells lacking Pcr1. Most CESR genes, such as gpx1, ctt1, zym1, or cta3, require both Atf1 and Pcr1 for their stress-dependent induction (Fig. 4A) . We used chromatin immunoprecipitation to examine the binding of Atf1 and Pcr1 to these stress-regulated promoters in vivo. Using strains carrying chromosomal HA-tagged versions of the atf1 or pcr1 genes, we observed that both Atf1 and Pcr1 are bound to the cta3 and hsp9 promoters before stress imposition (Fig. 6A) . Formaldehyde cross-linking did not preactivate the Sty1 pathway, as demonstrated by Western blot analysis with anti-phosphorylated MAPK antibody (data not shown). KCl or H 2 O 2 treatments did not significantly enhance Atf1 or Pcr1 binding to the cta3 promoter, a classical CESR gene (Fig. 6B) . To determine whether the binding of Atf1 to the cta3 promoter requires the presence of Pcr1, we transformed a ⌬atf1 strain or a ⌬atf1 ⌬pcr1 strain with an episomal plasmid expressing HA-Atf1 so that they would express the same levels of the fusion protein (Fig. 5B) . Binding of Atf1 to the cta3 promoter was detected only in the strain expressing Pcr1 (Fig. 6C) . , and ⌬pcr1 strains in response to heat shock and oxidative stress. Strains 972 (WT), AV18 (⌬sty1), AV15 (⌬atf1), and MS5 (⌬pcr1) were grown in rich medium to a final OD 600 of 0.5. Cells were then incubated at 45°C for 30 min or with 2 mM H 2 O 2 for 1 h before plating on rich-medium agar plates. Survival was measured as a percentage of the colony number at time zero. The experiments were repeated at least three times with very similar results. (B) Analysis of the osmotic stress resistance of wild-type, ⌬sty1, ⌬atf1, ⌬pcr1, and ⌬atf1 ⌬pcr1 strains. Strains 972 (WT), AV18 (⌬sty1), AV15 (⌬atf1), MS5 (⌬pcr1), and MS48 (⌬atf1 ⌬pcr1) were grown in liquid minimal medium to a final OD 600 of 0.5, and the number of cells indicated at the top of the panels was spotted onto minimal medium plates containing KCl, NaCl, or sorbitol at the indicated concentrations and incubated at 30°C for 3 to 4 days. As shown in Fig. 4B , the gpd1 and hsp9 genes require Atf1 and Pcr1 for induction upon H 2 O 2 stress, whereas srx1 induction by peroxides is Pcr1 independent. However, the induction of gpd1 and hsp9 can be triggered in a Pcr1-independent manner upon KCl stress (Fig. 4B) . We again used chromatin immunoprecipitation to examine the binding of Atf1 and Pcr1 to these stress-regulated promoters in vivo. As shown before for the cta3 promoter (Fig. 6C) , we ensured similar levels of Pcr1 or Atf1 in the different strain backgrounds by examining HAtagged proteins expressed from the nmt promoter. We determined that Pcr1 is bound to the gpd1 and hsp9 but not the srx1 promoters both before and after KCl stress (Fig. 6D) . On the other hand, Atf1 was bound to all three promoters in the presence or absence of Pcr1 even prior to stress (Fig. 6E) , indicating that Atf1 does not require its partner Pcr1 to bind to these particular cis elements in vivo.
The transcriptome of KCl-treated ⌬atf1 cells differs from that of ⌬pcr1 cells. To globally identify new Atf1-dependent, Pcr1-independent stress genes, we performed genome-wide expression analyses of wild-type, ⌬atf1, and ⌬pcr1 cells upon exposure to 0.4 M KCl stress for 30 min. This stress condition was chosen because it caused a differential induction of the gpd1 and hsp9 genes in strains lacking Atf1 or Pcr1 (Fig. 4B) . RNA samples, collected before and after KCl stress, were subjected to microarray analysis. Figure 7 shows the Venn diagram of genes up-regulated by at least twofold (in relation to the mRNA levels with the untreated condition in each strain) in wild-type, ⌬atf1, and ⌬pcr1 cells. A total of 170 genes were up-regulated by KCl in wild-type cells, whereas only 58 and 84 genes were induced by twofold or above in ⌬atf1 and ⌬pcr1 cells, respectively.
We carefully analyzed each subset of genes on the Venn diagram to determine the requirement of Atf1 and Pcr1 for their induction (grouped from A to G; see Table S1 in the supplemental material). From the total of 170 genes induced by KCl in the wild-type strain, 113 require the presence of both Atf1 and Pcr1 (group A). The genes in groups B, C, and E are those identified in the initial analysis as being induced by KCl more than twofold only in the mutant strains, not in the wildtype background. A closer look at their individual inductions showed that some of these genes either were induced just above twofold by KCl treatment (while in the wild-type cells they were barely reaching twofold) or their basal levels were already over twofold in the untreated mutant strains. Therefore, these genes were derepressed in ⌬atf1 and/or ⌬pcr1 cells (see Table S1 in the supplemental material), indicating that Atf1 and/or Pcr1 regulate the basal expression levels of some stress-dependent genes (see below). Regarding the genes in group D (induced by KCl in wild-type and ⌬atf1 cells but not in ⌬pcr1 cells), we observed that their expression levels were just bordering the twofold value; that is, none of those genes was dependent on Pcr1 without also showing some dependency on Atf1. With a few particular exceptions, very similar conclusions could be drawn from the analysis of group G: upon KCl treatment, there were no or very few genes whose expression was independent of both Pcr1 and Atf1.
In contrast, the genes in group F (those which were expressed more than twofold above the basal level upon KCl treatment in both wild-type and ⌬pcr1 cells) were all confirmed to be Pcr1 independent for their KCl induction (Table 1) . Of these 32 genes, half behaved similarly to gpd1: their stressinduced up-regulation was dependent on Atf1 but not on Pcr1. On the other hand, for 15 of the 32 genes, basal levels were derepressed both in ⌬atf1 and ⌬pcr1 cells or only in ⌬pcr1 cells, but they showed KCl-dependent induction only in ⌬pcr1 cells. Therefore, KCl treatment induces most genes from group F more than twofold in an Atf1-dependent but Pcr1-independent manner.
An important outcome of the analysis of the transcriptome of ⌬atf1 and ⌬pcr1 strains is that these transcription factors modulate the basal expression level of a large number of stressinducible genes. Of the 170 genes induced by KCl in wild-type cells, 20 are derepressed by more than twofold in the absence of stress in both ⌬atf1 and ⌬pcr1 cells, 20 are derepressed more than twofold only in ⌬pcr1 cells, 13 are repressed only in ⌬atf1 cells, and 7 are repressed in both ⌬atf1 and ⌬pcr1 cells (Table  2; see also Table S2 in the supplemental material). Furthermore, the basal expression levels of 4.3% and 6.5% of all the S. pombe genes were derepressed by more than 1.5-fold in ⌬atf1 and ⌬pcr1 strains, respectively (data not shown).
DISCUSSION
The participation of the MAPK Sty1 in several cellular functions has been firmly established (for reviews, see references 14 and 40). Cells lacking Sty1 are sensitive to many environmental 
VOL. 7, 2008
Pcr1 AND Atf1 HAVE DIFFERENT ROLES UNDER STRESS 831
on February 23, 2013 by PENN STATE UNIV http://ec.asm.org/ stresses and are defective in specific cellular programs, such as mating, adaptation to stationary phase, or hot-spot-induced meiotic recombination. Most of the roles of Sty1 are mediated by the transcription factor Atf1, which specifically binds to cis sites on DNA to either activate transcription or promote recombination. There has been controversy about whether Pcr1 is required for these cellular functions; whereas some authors claim that it is dispensable for stress responses (18, 19) , most reports related to stress responses suggest, more than demonstrate, that Pcr1 and Atf1 work as a heterodimer to regulate the transcription of all CESR genes. Here we provide evidence demonstrating that Pcr1 is required for the transcriptional activation of most but not all Sty1-dependent genes in response to diverse stress stimuli. From our studies we can conclude that Atf1 and Pcr1 play similar but not identical roles in the stress response of fission yeast. For example, Pcr1 is not required for osmotic or oxidative stress on solid plates but is required for heat shock and oxidative stress in liquid cultures (Fig. 3AB) .
Furthermore, the phenotype of a strain lacking both Atf1 and Pcr1 is more severe under all stress conditions assayed than that of a single ⌬atf1 strain (Fig. 3B) , which indicates that their roles do not fully overlap. Our data confirm that the presence of Atf1 is essential for the Sty1-dependent transcriptional response to stress, with the majority of KCl-dependent genes dependent on the presence of Atf1 for their expression (Fig. 7 ) (see Table S1 in the supplemental material). It was recently suggested that stress induction of CESR genes is critically dependent on the concentration of Atf1 (20) . The authors claim that basal Sty1-dependent phosphorylation stabilizes the Atf1 protein, since the steady-state levels of a mutant Atf1 protein lacking all Sty1 phosphorylation sites are 10-fold lower than those of the wildtype protein. However, we have shown here that Atf1 protein steady-state levels, when expressed under the control of the nmt promoter, are not dependent on the presence of Sty1 (Fig.  5B) . The same study also proposed that Atf1 stability is regu- FIG. 6 . Atf1 is bound to promoters before and after stress. (A) Chromatin immunoprecipitation analysis of Atf1-HA and Pcr1-HA bound to stress promoters. Strains JM1821 (atf1-HA6H), MS65 (pcr1-HA) (both strains tagged at the chromosomal loci), or wild-type 972 with no plasmid (no tag) were grown, formaldehyde extracts were obtained, and chromatin bound to Atf1-HA or Pcr1-HA was isolated using anti-HA monoclonal antibodies (IP ␣-HA). Recovered DNA was assayed by PCR amplification with primers encompassing the hsp9 and cta3 promoters or the cdc18 ORF as a negative control. Two different concentrations of whole-cell extracts (WCE) were also analyzed with the primer pairs to demonstrate that the quantity of amplified DNA is dependent on the amount of input (WCE) (1/100 or 1/500). (B) Atf1-Pcr1 heterodimer binds to standard stress-dependent promoters in vivo. Strains JM1821 (atf1-HA6H) and MS65 (pcr1-HA) or wild-type strain 972 (no tag) was grown in the absence of stress (Ϫ) or presence of 0.4 M KCl (KCl) or 1 mM H 2 O 2 (H) for 15 min. We obtained formaldehyde extracts, and performed chromatin immunoprecipitation of Atf1-HA6H and Pcr1-HA with anti-HA monoclonal antibodies (IP ␣-HA) to assay Atf1 and Pcr1 binding to specific DNA sites. PCR was performed with primers encompassing the classical CESR promoter cta3 and the cdc18 ORF as a negative control. (C) Atf1 binding is Pcr1 dependent in the cta3 promoter. Strains JM1066 (⌬atf1) and MS48 (⌬atf1 ⌬pcr1) transformed with nmt-driven p151.41x (pHA-atf1) or wild-type 972 with no plasmid (no tag) were grown as described for panel B. We obtained formaldehyde extracts, and chromatin immunoprecipitation of HA-Atf1 (IP ␣-HA) was performed as for panel B. (D) Pcr1 binding to Pcr1-independent stress promoters in vivo. Strains MS10 (⌬pcr1 pHA-pcr1) transformed with the integrated, nmt-driven p139.81xЈ (pHA-pcr1) or wild-type 972 with no plasmid (no tag) were grown in the presence (KCl) or not (Ϫ) of 0.4 M KCl for 15 min. Formaldehyde extracts and chromatin immunoprecipitation of HA-Pcr1 were performed as for panel B. Specific primers were used for PCR amplification of the gpd1, hsp9, and srx1 promoters, as well as the cdc18 ORF as a negative control. (E) Atf1 binding to Pcr1-independent stress promoters in vivo. The same experiment as for panel D was performed with strains JM1066 (⌬atf1) and MS48 (⌬atf1 ⌬pcr1) transformed with nmt-driven p151.41x (pHA-atf1) or 972 (WT), with no plasmid (no tag).
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SANSÓ ET AL. EUKARYOT. CELL lated by its heterodimeric partner Pcr1, since the expression of Atf1 in a strain lacking Pcr1 is lower than that in wild-type cells (20) . Nevertheless, we show here that the levels of the nmtdriven Atf1 protein in ⌬pcr1 ⌬atf1 cells are very similar to those in single-mutant ⌬atf1 cells. Our results suggest that Atf1 protein levels are mainly regulated at the level of transcription and/or translation, rather than by protein stabilization mediated by basal Sty1-dependent phosphorylation or dimerization with Pcr1. We also show here that the role of Pcr1 is not to anchor Atf1 at the nucleus, as previously suggested (11): when GFP-Atf1 is expressed from a heterologous promoter in wildtype and ⌬pcr1 cells, the fusion protein shows nuclear localization in both cases (Fig. 1C) . We suspect that the low expression of Atf1 in cells lacking Pcr1 could explain the lack of nuclear immunofluorescence reported earlier (11) . Regarding posttranscriptional regulation of these transcription factors, we demonstrate here that Pcr1 is a phosphoprotein and dephosphorylation occurs upon oxidative, but not osmotic, stress in a Sty1-dependent manner (Fig. 2) . Analysis of strains expressing mutant Pcr1 forms with substitutions at its Ser 122 position, the only MAPK phosphorylation site in Pcr1, will help to unravel whether such phosphorylation status is important for Pcr1 function. It is noteworthy, however, that the Sty1-dependent phosphorylation of Atf1 upon stress does not seem to be essential for its role as a transcription factor (20) . Transcriptional profiling analysis revealed that some Sty1-dependent genes are dependent upon Atf1, but dependence upon Pcr1 was not tested (8) . Here we show that the overall KCl response is highly dependent on Pcr1, although a subset of 32 genes seems to be induced in ⌬pcr1 cells as effectively as in wild-type cells. However, we would caution that we have only performed a comparative analysis by microarrays in response to one stress stimulus and at one time point. Even though a wider expression analysis has been performed by Northern blotting regarding different signals and different times after stress imposition (see Fig. S1 in the supplemental material), a more exhaustive global analysis will be required to broaden our knowledge about the participation of Pcr1 in stress-induced transcriptional regulation.
We also show here by chromatin immunoprecipitation that both Atf1 and Pcr1 are bound to most CESR promoters (exemplified by cta3) before and after stress and that binding of Atf1 to these promoter regions requires the participation of Pcr1. The in vivo protein-DNA binding experiments presented here also indicate that in wild-type cells both Atf1 and Pcr1 are bound to the gpd1 and hsp9 promoters, whereas Atf1 but not Pcr1 can be detected at the srx1 promoter. We propose that the Atf1-Pcr1 heterodimer is normally bound at most promoters, with very few exceptions. The small bZIP factor Pcr1 probably stabilizes the interaction of Atf1 with all stress gene promoters, but it is dispensable in others, such as srx1. The lack of Pcr1 would thus weaken Atf1 binding to most but not all of these promoters. We do not know whether in the absence of Pcr1 Atf1 binds to DNA as a homodimer or whether it heterodimer- (A, D, F, and G) ; for ⌬atf1 cells, 58 genes were induced (B, D, E, and G); and for ⌬pcr1 cells, 84 genes were induced (C, E, F, and G). n-fold inductions upon stress are relative to mRNA levels for the untreated condition of each strain. The list of all A-to-G subsets of genes is provided in Table S1 (8, 28) . We postulated that Atf21 might substitute for Pcr1 by heterodimerizing with Atf1 at the promoters of the 32 genes whose expression was independent of Pcr1 upon KCl stress. However, a double-knock-out ⌬pcr1 ⌬atf21 strain is still resistant to osmotic stress conditions (data not shown).
Regarding the role of these bZIP factors in the general repression of gene expression, it was reported that under basal conditions Atf1 and Pcr1 are involved in heterochromatin nucleation at the mat locus and that deletion of atf1 or pcr1 in combination with RNA interference mutants fails to promote heterochromatin assembly in this chromosomal region (15) . It has also been reported that the Atf1/Pcr1 heterodimer functions as both an inducer and a repressor of chromatin remodeling at the cgs2 promoter (9) . According to our data, Atf1 and Pcr1 down-regulate the basal transcription of 4% and 6% of the whole S. pombe genome, respectively. Through their chromatin binding and remodeling activities, these proteins, acting alone or in combination with other factors, may facilitate the assembly of transcription, recombination, or silencing machinery. The involvement of these stress transcription factors in general repression suggests that they might modify chromatin structure as a part of a programmed sequence of events that serves to cushion against the effects of environmental stresses. However, derepression does not seem to be a factor in the roles of Pcr1 and Atf1 on stress activation, since in atf1 or pcr1 deletion mutant strains the basal expression of the subset of genes highly induced by KCl is unaffected or only slightly elevated above wild-type levels (see Table S1 ). In conclusion, the heterodimer Atf1-Pcr1 seems to bind to most CESR genes and is required for their activation upon stress. However, both proteins can probably work independently of each other, both regarding (i) stress-dependent gene activation (in cells lacking Pcr1, a subset of genes is still triggered by Atf1, which binds to their promoters either alone or forming a heterodimer with a yet-uncharacterized partner) and (ii) basal repression (in cells lacking Pcr1, 6% of the whole genome is derepressed, whereas in the absence of Atf1 only 4% of the total mRNAs show enhanced basal levels). Table S2 in the supplemental material for KClinduced values. n-fold inductions are indicated using the wild-type strain as a reference (with an assigned value of 1).
b The five genes repressed in the ⌬atf1 and ⌬pcr1 strains and in boldface type belong to the cadmium response. 
